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ABSTRACT The three-dimensional flow of a hybrid nanofluid over a stretching/shrinking sheet including copper
and alumina nanoparticles in ethylene glycol has been investigated under the influence of magnetic field, thermal
radiation, joule heating, convective conditions, and slip boundary conditions. Hybrid nanofluids disperse two distinct
nanoparticles in a fluid, providing better heat conductivity for industrial applications. Using the bvp4c technique,
non-linear partial differential equations are transformed into non-linear ordinary differential equations with similarity
variables. Velocity profile declines with higher magnetic, suction, and slip parameter values, while sheet temperature
profile growths with Biot, Eckert, and radiative parameters. The study discovers that a stronger magnetic force enhances
temperature across a stretched sheet but has the reverse impact on a shrinking sheet. The novelty lies in using a
three-dimensional model for this investigation, providing more accurate and realistic representations of fluid flow and
heat transport compared to conventional two-dimensional models. In contrast to the earlier experiment, ethylene glycol,
the base fluid, and three-dimensional flow are both taken into account, along with alumina and copper nanoparticles
scattered in it. Quantitative analysis of the results demonstrates that in hybrid nanofluids, a higher Biot number and

Reynolds number result in a faster rate of heat transfer.
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1. Introduction

The role of the heating or cooling agent is of the utmost
significance in many thermal engineering applications.
Conventional fluids like water, engine oil, ethylene glycol,
etc. provide a limited source of heating and cooling in
end products. (Choi and Eastman, 1995) introduced the
term “nanofluid”, which offers a higher rate of heat trans-
fer as compared to conventional fluids. The dispersion
of nanosized (1-100 nm) particles in a conventional fluid
is termed nanofluid. Further, the thermal conductivity of
nanofluids is extended by adding two or more nanoparti-
cles to conventional fluids, which are then called hybrid
nanofluids. These fluids provide superior thermal effi-
ciency characteristics compared to nanofluids and conceal
the synergistic effects that are used in a variety of heat
transfer phenomena, including biomedicine, electronic
cooling, refrigeration, transformer cooling, etc. Rashad
et al. (2018); Mahdy et al. (2021); Alarabi et al. (2021);
El-Zahar et al. (2021); Sheikholeslami (2022c¢,a,b, 2023),
and Sheikholeslami and Al-Hussein (2023), as well as
Pattnaik et al. (2020, 2021, 2022) and Jena et al. (2020),
have all investigated the applications and significance of
various forms of hybrid nanofluid.

Heat transportation in the physical models depends
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mostly on the surface of the problems. The stretching or
shrinking surface plays a vital role in various fields like
hot rolling, cooling a metallic plate in a cooling shower,
etc. The concept of fluid flow over a moving solid ma-
terial was first studied by Sakiadis (1961). Crane (1970)
examined the two-dimensional flow over a stretching sur-
face. The impact of heat source/sink and thermal radia-
tion was studied by Sharma et al. (2019) over a porous
shrinking surface due to the motion of the nanofluid flow.
Mishra et al. (2019) studied the behaviour of power-law
fluid with a non-uniform heat source and MHD over a
stretching sheet. In addition, taking into account the con-
vective sheet’s stretching and contracting shows that the
fluid’s temperature and thermal efficiency have improved.
Wagas et al. (2022) use computer simulations to compare
the influence of the convective surface with a magnetic
field, joule heating, thermal radiation, viscous dissipation,
and heat source/sink for various nanoparticles (alumina,
copper, and graphene oxide). Sagheer et al. (2023) in-
vestigated the two-dimensional Maxwell hybrid nanofluid
flow under the influence of a magnetic field, viscous dissi-
pation, and a heat source or sink in porous media. They
focused on a convective, linearly extending surface. They
discovered that the increased value of the Biot number
tends to increase the temperature gradient using the bvp4c
algorithm in the MATLAB software.

No-slip boundary conditions are obviously not appli-
cable to all models. As a result of the numerous uses
of slip boundary conditions in the cleaning of mechani-
cal heart valves, micro pumps, micro-nozzles, hard disc
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drives, the perfection of cavities, etc., many researchers
have focused on these effects. Bhattacharyya et al. (2011)
considered the effects of slip conditions near the stagna-
tion point on the boundary layer of the shrinking sheet in
their investigation. The consequences of slip effects due to
three-dimensional flow towards a permeable stretching or
shrinking sheet have been examined by Jusoh et al. (2018).
Mahabaleshwar et al. (2020) worked on the Newtonian
flow field on Permeable stretching and shrinking surfaces
by considering slip conditions. The effects of slip and con-
vective conditions have been analysed by Khashi'ie et al.
(2020b) in a three-dimensional flow of copper-alumina
and water over a permeable stretching or shrinking sur-
face. They conclude that with the increment of the Biot
number and slip parameter, there is a higher rate of heat
transfer. When silver oxide and iron oxide are suspended
over a convective stretchable surface, Rashmi et al. (2022)
examine the impact of slip boundary conditions and a mag-
netic field. Their findings show that the slip parameter
decreases fluid flow. Areekara et al. (2023) and numer-
ous other studies studied the impact of slip situations on
various surfaces by taking different nanoparticles into
consideration.

Magnetohydrodynamics (MHD) is the study of fluid
dynamics in the presence of a magnetic field. Many re-
searchers recognised that the hybrid nanofluids offered
better heat transfer along with MHD in fluid flow. Thus,
the effects of MHD are applicable in the polymer industry,
solar collectors, chemical engineering, etc. Devi and Devi
(20164a,b) numerically investigated the effects of MHD,
Newtonian heating in the three-dimensional flow of hy-
brid nanofluid over a stretching or shrinking surface, and
suction in the two-dimensional flow over a permeable
stretching or shrinking sheet of copper-alumina/water. Ja-
maludin et al. (2018) worked on three-dimensional flow by
considering permeable stretching and shrinking surfaces
along with mixed convection, MHD, slip velocity, and
thermal slip. In the studies cited by Ebaid et al. (2014);
Jusoh et al. (2017); Aly and Pop (2019); Khashi'ie et al.
(2020a); Jamaludin et al. (2020); El-Zahar et al. (2020);
Kumbhakar and Nandi (2022); Jaafar et al. (2022) and
El-Zahar et al. (2022) the behaviour of the MHD fluid
molecules is investigated.

Copper nanoparticles act as anti-microbials, antibi-
otics, etc., and they are used in many fields like micro-
electronic devices and optical due to their low cost, high
thermal conductivity, and electrical potential. On the other
hand, alumina nanoparticles improve melting points and
high-temperature resistance. In light of the aforemen-
tioned literature review and the applications of nanoparti-
cles, it is discovered that the effects of a magnetic field,
thermal radiation, joule heating, convective heating, and
slip boundary conditions due to a three-dimensional flow
field through a stretching or shrinking sheet with sus-
pended alumina and copper nanoparticles in ethylene gly-
col as a base fluid have not yet been investigated. In
order to close this research gap, the current numerical
computation was made.

The originality of this investigation is to introduce
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Figure 1: Geometry of the flow model.

the influence of a magnetic field on the hybrid nanofluid
flow under the action of shrinking and stretching. How-
ever, adding a magnetic field perpendicular to the stretch-
ing or shrinking sheet can induce magneto-hydrodynamic
(MHD) effects, altering the flow patterns and heat trans-
fer rates significantly, and this is particularly relevant to
applications in magnetic cooling or magnetic fluid-based
devices. Using a similarity variable, the basic govern-
ing equations of the proposed model are reframed into
a system of dimension-one on-line ordinary differential
equations and then numerically computed using the bvp4c
algorithm in the MATLAB software. With the following
research inquiries, physical parameters are discussed:

1. The three-dimensional modelling of such flows,
which can provide more precise predictions of flow
behaviour and heat transfer characteristics, has a
research deficit.

2. A unique contribution to the literature would be
to comprehend how the stretching and shrinking
processes interact, affect the flow field, and affect
heat transmission.

3. What effects do the magnetic parameter, Biot num-
ber, and slip parameter have on the hybrid nanofluid’s
velocity and temperature?

4. What role does the Biot number play in the transfer
of heat?

5. How does the volume fraction of nanoparticles af-
fect the temperature and velocity profiles?

6. How do sheets that are stretching and contracting
react in the flow field?

2. Problem formulation

In Figure 1, consider a steady, incompressible three-
dimensional flow field over a stretching or shrinking sheet
with copper and alumina nanoparticles suspended in ethy-
lene glycol as the base fluid, 4, (£) = af and ,, (£) = ay,
where a is a positive constant, and #,, (£) and ¥, (£) are
the velocities at the wall along £ and § direction, respec-
tively. The domain of the flow field occupies the regions,
Z > 0 and xy—planes as stretching or shrinking surfaces
with slip boundary conditions, thermal radiation, and joule
heating. Further, the convective condition is considered
at the bottom of the sheet, which provides heat transfer
coefficients Ay, due to constant temperature Tf, and the
influences of agglomeration due to hybridization are ne-
glected. In addition, a homogeneous magnetic field of
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high magnetic flux density By is applied perpendicular to
the plane. According to Khashi'ie et al. (2020b); Devi and
Devi (2016a), and Kumar et al. (2018), the fundamental
non-linear partial differential equation governing mass,
momentum, and energy conservation is as follows:
Continuity equation:

9 00 0@
0% dy 0%

=0 (1)

Momentum equation:
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Here, A > 0 for stretching sheet, A = 0 for static
sheet and A < 0 denotes shrinking sheet, respectively.
wo > 0 for injection and wq < 0 defines suction, respec-

_ l6o* 73 0T
——= — is the term denoted for radia-

tively. ¢, = "
tive heat flux by the hnearZ Rosseland approximation, such
as K* and o* defines mean absorption coefficients and the
Stefan-Boltzmann constant, respectively. In the proposed
model, temperature differences are assumed to be very
small within the fluid flow. Thus, using Taylor’s expan-
sion, T may be written as T4 = 4T3T — 3T (neglecting
higher-order terms).

Introducing dimensionless similarity variables
(Khashi'ie et al., 2020b) to obtain ordinary differential

equations as follows:

n=2a/vy, i=atf (n), $=aph' (n),
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Obtained non-linear ordinary differential equations by

54(2): 277-285 (2024)

applying Eq. 6 in Egs. 1-5 are as follows:
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and Pr, M, R, Ecy, Ecy, Bi and B are the non-dimensional
parameters as Prandtl number, Magnetic parameter, ra-
diative parameter, Eckert number along X and y direction,
Biot number and velocity slip parameter, respectively.

The relationship between the thermophysical prop-
erties of nanofluid and hybrid nanofluid (Rostami et al.,
2018) is defined as

Upny = i
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Twﬁ = 7z |7=
qw = —Khn‘f% . |s=0 is the heat flux on the stretch-

ing/shrinking surface. Thus, the respective skin friction
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Table 1: Values of thermophysical properties for C;HgO»,
Al,Oj3 and Cu (Khashi'ie et al., 2020a; Hosseinzadeh et al.,
2018; Hafeez et al., 2021).

Traits C,HgO, Al,O3 Cu

p (kg/m?) 1115 3970 8933

K (W/mK) 0.253 40 400

o (s/m) 1.10x10™*  35x107° 5.96x10°°
Cp (/kgK) 3430 765 385

Table 2: Comparative values for —f” (0) and —h" (0),

HAM bvpdc Present

solution solution solution

—f"(0) 1.73722 1.73722 1.73722
—h"(0) 1.73722 1.73722 1.73722

Table 3: Grid point stability test.

h=0.001 h=0.01
n ffm) é6m fm 6(mn
0 07601 0.0491 0.7608 0.0491
0.4990 04386 0.0134 04399 0.0138
0.8990 0.1792 0.0065 0.1798 0.0069
1.4990 0.0480 0.0017 0.0491 0.0018
1.7990 0.0169 0.0002 0.0170 0.0001
1.9880 0.0010 0.0000 0.0010 0.0000
2.0000 0.0000 0.0000 0.0000 0.0000

coefficient and local Nusselt number (Khashi'ie et al.,
2020b; Kumar et al., 2018) are defined as follows:

Twi Twp )GQW
CA:7A,CA:7A Ug = ———= = (12)
12 pf“gv 9 pr%;’ % Ky (Tf — Tw)

by applying (7) in (12), we get

(Reg)® Cre = 2 01 0) | (Reg)® Cpy = 2L 17 (0,

Hf 4 Hy
K
(Rez) ™5 Nug = — (’” + R> 6’ (0)
Ky 3
13)
where Re; = ﬁ‘j‘f and Rey = % signifies the local Reynolds

number and f’, &’ defines it as a derivative of f and / with
respect to 1.

3. Validation and accuracy of the
proposed problem

Using the bvp4c algorithm in the MATLAB software, a
finite difference approach has been utilized to determine
the numerical solutions of dimensionless non-linear or-
dinary differential equations derived via suitable dimen-
sionless similarity variables with boundary conditions.
This numerical technique uses a three-stage Labatto IIla
finite difference algorithm. This approach was developed
by Shampine et al. (2003) to assess nonlinear ordinary
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differential equations. The results of the current numeri-
cal computation using the thermophysical characteristics
listed in Table 1 showed good agreement with earlier re-
search using the Homotopy Analysis Method (HAM) and
bvp4c in Hayat et al. (2015) and Khashi'ie et al. (2020b),
respectively. This is shown in Table 2. These correlations
demonstrate the validity of the current issue with respect
to the thermophysical characteristics listed in Table 1 and
give the bvp4c algorithm accuracy.

The grid-point stability test of the current inquiry is
shown in Table 3. According to Table 3, any physical vari-
able’s variation between 7 = 0.001 and 2 = 0.01 step sizes
is less than 1073, sustaining asymptotic flow behaviour
due to boundary conditions. As a result, the finite differ-
ence numerical approach implemented using the built-in
Matlab bvp4c is stable and convergent.

4. Results and discussion

Physical parameters of the non-dimensional ordinary dif-
ferential equations 8-10 with boundary conditions 11 are
computed by finite difference via the bvp4c algorithm in
MATLAB software. In this study, we fixed the Prandtl
number Pr = 184.5 and considered other variables pa-
rameters as ¢; = ¢, = 0.01, B =0.1, § =2, M =0.1,
Bi=0.1,R=02, Ec, = Ec, =0.01 and A = 1 for the
stretching case and A = —1 for the shrinking case, re-
spectively. The behaviour of dimensionless velocity and
temperature views for the distinct physical parameters is
illustrated with graphs and tables.

Figure 2 displays the behaviour of distinct values of
volume fraction of nanoparticles (copper and alumina) in
a dimensionless velocity profile ' (1) for the stretching
case (A = 1). Physically, increasing the volume fraction
of nanoparticles in a conventional fluid causes the hy-
brid nanofluid to become viscous, which reduces f’ (7).
Figure 3 displays the behaviour of alumina and copper
nanoparticles during stretching and shrinking (A = —1) of
the sheet simultaneously. It is observed that for a higher
volume fraction (¢), the velocity profile slows down as
compared to the lowest volume fraction. Since nanoparti-
cles Al,O3 (¢, =0.02, 0.03, 0.05) depict a lower velocity
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Figure 2: Behaviour of f/ (1) for distinct volume fractions
of alumina and copper.
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Figure 3: Behaviour of f (1) for distinct volume fraction
of alumina and copper.
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Figure 4: Behaviour of 0 (1) for distinct volume fraction

of copper.
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Figure 5: Behaviour of 8 (1) for distinct volume fraction
of alumina.

side view than Cu (¢, =0.02, 0.03, 0.05) nanoparticles in
the stretching (A = 1), when alumina particles are added
instead of copper nanoparticles, viscosity increases. On
the other hand, it shows the opposite behaviour for the
shrinking (A = —1) case. Figure 4 and Fig. 5 illustrate
the behaviour of volume fractions of copper (¢, =0.02,
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0.03, 0.04) and alumina (¢; =0.02, 0.03, 0.04) nanoparti-
cles in base fluid due to stretching and shrinking. From
the plotted graphs, it is observed that dimensionless tem-
perature 6 (1) profiles decrease with the higher amount
of nanoparticles in the fluid molecules. Physically, the
viscosity of the fluid and its temperature have an inverse
connection; hence, a higher volume percentage tends to
slow the fluid’s temperature distribution.

As aresult, a lot of industrial equipment uses nanopar-
ticles as a cooling agent. The temperature of the fluid
molecule has a better influence in the shrinking (A = —1)
case than the stretching (A = 1) case while increasing the
volume fraction of copper and alumina in the base fluid.
Therefore, fluid molecules provide better thermal energies
in the shrinking case as compared to the stretching case.

The magnetic parameter (M) is one of the dimension-
less parameters in the proposed model, which describes
the impact of a uniform magnetic field of strength (By) in
fluid flow. Figure 6 depicts the impact of the magnetic pa-
rameter (M =0, 1, 2, 3) on the main dimensionless veloc-
ity profile f' (1) for the stretching/shrinking case. It is ob-
served that the primary velocity of the fluid molecules re-
duces with increasing values of M. In the stretching sheet,
the lowest value of offers lower resistivity to electrically
conducting hybrid nanofluid due to Lorentz’s force, while

Stretching case, A =1

M=0,1,223

(o] 0.5 1 1.5 n 2 2.5 3

Figure 6: Behaviour of f' (1) for distinct magnetic param-

eter.
0.06

005F

— — == Shrinking case, A =-1

004 «

Stretching case, A =1
o003
<

0.02

0.01

Figure 7: Behaviour of 0 (1) for distinct magnetic param-
eter.
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higher values of the magnetic parameter offer higher re-
sistivity to electrically conducting hybrid nanofluid. Thus,
it makes a thinner momentum boundary layer with the
increment of a magnetic parameter in the case of stretch-
ing (A = 1), while it shows the opposite behaviour in the
shrinking (A = —1) case. Lorentz’s force, often known as
the drag force, is a physical force that tends to oppose the
flow. This force is used to control the flow field, which
is particularly beneficial in the metal and electromagnetic
coating of wires, among other applications. Figure 7
depicts the behaviour of magnetic parameters in a dimen-
sionless temperature 6 (1) profile due to the presence of
copper (¢ = 0.01) and alumina (¢; = 0.01) nanoparti-
cles in ethylene glycol as a base fluid over a stretching or
shrinking sheet. The impact of M =0.2, 0.4, 0.6 on 6 (1)
over a shrinking sheet provides better thermal energies for
fluid molecules as compared to stretching surfaces. It is
observed that the thickness of the thermal boundary layer
increases with the increment of magnetic parameters over
a stretching sheet while showing the opposite behaviour
in a shrinking sheet. Actually, the interaction between a
conducting fluid and a nanoparticle produces a drag force
when a magnetic field is applied. Fluid molecules produce
heat in response to that force, which causes the tempera-
ture profile to climb. The properties of heat transmission
on the stretched sheet are directly impacted by the hybrid-
nanofluid’s temperature. Heat transfer from the sheet to
the fluid can be improved by regulating the fluid’s temper-
ature. In applications like cooling or heating operations,
where effective heat transfer is crucial for achieving op-

Stretching case, A =1

3=0,0.1,0.3,05

3=0,0.1,03,05

4 Shrinking case, A =-1

0 0.5 1 1.5 2 25 3

0.8
0.6
04

0.2F

ok

f'(n)

02 F

-04

-06

08 F

A
0 0.5 1 15 2 25 g

Figure 9: Behaviour of f/ (1) for distinct suction parame-
ter.
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Figure 10: Behaviour of 0 (1) for distinct Biot number.

timum performance, this is very useful. Figure 8 depicts
the behaviour of slip parameters (8 =0, 0.1, 0.3, 0,5) in di-
mensionless primary velocity profiles over a stretching or
shrinking surface in the presence of alumina (¢; = 0.01)
and copper (¢, = 0.01) nanoparticles and water as a base
fluid. A lower value of B =0, 0.1 offers the least action of
resistive force to the fluid molecules and then gradually
increases its resistivity for B = 0.5. Naturally, the slip
parameter offers resistive force to the fluid molecules and
is hence f’ (1) reduced for a higher value of § over a
stretching (A = 1) surface, while hybrid nanofluid offers
the opposite behaviour over a shrinking (A = —1) surface.

The suction parameter is one of the dimensionless pa-
rameters that helps control the hybrid nanofluid flow. It
aims to reduce the drag force due to external flow, reduc-
ing the velocity of the fluid molecules. Figure 9 depicts
the behaviour of the primary velocity profile due to the
influence of the suction parameter (S =2, 2.5, 3) over the
stretching or shrinking surface. It is observed that the
primary velocity profile decreases for a maximum amount
of suction while offering a rise in f’ (1) over a stretching
surface and a shrinking surface, respectively. Since the
sheet is heated from the bottom, and then its influences
due to the Biot number (Bi =0.1, 0.2, 0.3) are depicted
in Fig. 10. The lowest value of the Biot number Bi = 0.1
offers lower thermal energies to the fluid molecules, while
a higher value of Bi = 0.3 provides better thermal ener-
gies, which boost the thermal conductivity of the fluid
molecules due to a raise in convective heat. Convective
plates in fluid mechanics transmit heat to the fluid, raising
its temperature as a result. It is observed that the influence
of the Biot number results in better thermal conductiv-
ity over a shrinking surface as compared to a stretching
surface.

The difference between the kinetic and enthalpy ener-
gies is known as the Eckert number (Ecy, Ecy). It denotes
the loss of energy within fluid molecules. In Fig. 11, it
can be seen that a larger magnitude of Ec, = Ecy = 0.04
causes the temperature profile to rise relative to a smaller
value of Ecy = Ecy, = 0.02. Furthermore, the tempera-
ture distribution caused by a contracting instance exhibits
dominance over an expanding instance. The temperature
profile climbs with the increment value of the Eckert num-
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Figure 12: Behaviour of 0 (1) for distinct radiative pa-
rameter.

ber because extra kinetic energy is physically stored as
a result of frictional heating, which causes temperature
profiles to climb. In Fig. 12, the impact of the thermal
radiative parameter is shown. It is a phenomenon in nature
when radiation enters a system and produces more kinetic
energy, which raises the temperature profile of the fluid
molecule. In biology, malignant cells can be killed by
utilising the elevation of temperature caused by radiative
effects in hybrid nanofluids.

Table 4 and Table 5 display the variations of skin fric-
tion coefficient for Reynolds numbers against magnetic
parameters due to the stretching case and shrinking case,
respectively. It is observed that the skin friction coeffi-
cient decreases with the increment values of magnetic
drag force and Reynolds number over a stretching sheet,
while the opposite behaviour occurs over a shrinking sheet.
On the other hand, Tables 6 and 7 display the rate of heat
transfer augmented with higher values of the Biot number
and slip parameter against the Reynolds number over a
stretching or shrinking sheet.

5. Conclusions

The employment of a three-dimensional model to anal-
yse the behaviour of a hybrid nanofluid across a stretch-
ing or contracting sheet is an important novelty. Three-
dimensional simulations can offer more accurate and re-
alistic representations of fluid flow and heat transport
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Table 4: Variation of Skin friction for stretching case.

Re=1 Re=5 Re=10
M=1 -2.355  -1.0535 -0.7449
M=5 -28400 -1.2701 -0.8981
M=10 -3.2538 -1.4551 -1.0289

Table 5: Variation of Skin friction for shrinking case.

Re=1 Re=5 Re=10
M=1 19425 0.8687 0.3124
M=5 26217 1.1725 0.8291
M=10 3.1195 13951 0.9865

Table 6: Variation of Nusselt number for stretching case.

Bi=03 Bi=1 f=03 p=1
Re=1 0358 1.0972 0.1230 0.1233
Re=10 11332 34698 03889 0.3899

Table 7: Variation of Nusselt number for shrinking case.

Bi=03 Bi=1 p=03 p=1
Re=1 03529 1.0645 0.1224 0.1231
Re=10 1.1161 3.3663 0.3869 0.3894

phenomena than traditional two-dimensional models. The
main findings of this investigation are summarized as fol-
lows:

* The viscosity of the hybrid nanofluid normally rises
along with the volume fraction of nanoparticles. A
higher viscosity than the base fluid alone is pro-
duced as a result of the increased flow resistance
that nanoparticles add. A fluid with a higher viscos-
ity typically has a slower flow rate.

* Hybrid-nanofluids are mixtures of a base fluid with
nanoparticles as well as other additives. The fluid’s
thermal conductivity is greatly increased by the
nanoparticles, which enhances the fluid’s capac-
ity for heat transmission. Applications like heat
exchangers, cooling systems, and thermal manage-
ment greatly benefit from this characteristic.

* The Biot number plays a significant role in deter-
mining the impact of convective heat transfer on the
fluid temperature of a hybrid nanofluid.

* The boundary layer that forms close to the stretched
sheet is affected by the fluid velocity in terms of
thickness. The boundary layer becomes thinner
with increased fluid velocity, lowering thermal re-
sistance and boosting heat transmission. By doing
this, the heat exchange between the sheet and the
fluid can be accelerated and made more effective.

 f'(n) profile reduces with the higher volume frac-
tions of and nanoparticles in the base fluid ethylene
glycol, for which the thickness of the momentum
boundary is reduced.

* The temperature of the fluid molecules diminished
by adding more nanoparticles (Cu-Al,O3) to the

Ahmed et al. (2024) | 283


http://laar.plapiqui.edu.ar/OJS/index.php/laar

54(2): 277-285 (2024)

fluid flow.

* M is a decreasing function of f’ (1) and an increas-
ing function of 8 (1), respectively.

* [ and S are both declining functions of f’(1).

* Convective situations cause the 0 (1) profile to in-
crease along with the Biot number.

* The Eckert number and radiative parameter grow,
which causes 0 () to rise.

Nomenclature

Velocity component in £— direction.
Velocity component in y— direction.

W: Velocity component in Z— direction.

S: Constant mass flux parameter.

T Temperature.

Nu,: Local Nusselt number.

Cyy: Skin coefficient friction along x direction.

Cyy: Skin coefficient friction along y direction.

Cp: Specific heat at constant temperature.

wo: Mass flux.

Subscripts

w: Condition on wall.

co: Ambient condition.

f: Base fluid.

nf: Nanofluid.

hnf: Hybrid nanofluid.

1: Alumina.

2: Copper.

Greek symbols

u: Dynamic viscosity

v: Kinematic viscosity

p: Density

6: Dimensionless temperature

k: Thermal conductivity

Bo: Slip length

n: Similarity variable

¢: Volume fraction

(pCp): Heat capacity

7R
v:
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